In 19 and 20 March 2010, the annual strongest dust event occurred over East Asia, for the reports from National Meteorological Center of CMA (China Meteorological Administration) showed that 16 provinces (cities) of China were affected by the dust storm, and the air pollution index (API) given by Ministry of Environment Protection of China exceeded 300 in 13 Chinese cities. An air quality modeling system RAMS-CMAQ was employed to simulate the spatial and temporal features of this dust event, and analyze its impacts on air quality and regional radiative effect in East Asia. The modeled mass concentrations and aerosol optical depth (AOD) of dust and other aerosol species are generally in good agreement with surface observations and satellite measurements. Numerical analysis shows that the dust storm generated over Mongolia and west of Inner Mongolia, and swept central, eastern and southern China, also including the East China Sea. The highest value of dust concentration exceeded 3000 μg/m 3 in the source area and waved from 200 to 1000 μg/m 3 in the downstream areas. The high AOD values mainly contributed by dust ranged from 0.5 to 1.5, which means the regional visibility and radiation would be significantly impacted by the dust particles. The direct radiative forcing of dust was also obviously strong with values from -5 to -30 W/m 2 appeared over the regions where dust storm swept. This value is almost equal to the radiative effect of total aerosol components over these areas.
INTRODUCTION
Dust storms occurred in East Asia is one of the severely disastrous weather that may have a long-term, harmful effect and may destroy the atmospheric and ecological environment in the arid and semiarid regions. The longrange transport of dust could reach south of China, Taiwan, Korea, southeast Asia (Satheesh and Ramanathan, 2000; Chun et al., 2002; Kurosaki and Mikami, 2003; Chen et al., 2004) , and even North America Sassen, 2002) . By changing the radiative flux, the dust particle also has climate effect. IPCC (2007) reported that the global average value of dust direct radiative forcing is ranging from -0.6 to 0.4 W/m 2 , and the uncertainties are still large. Previous studies show that the dust storm over East Asia could significantly impact the local atmospheric optical properties and radiative forcing (Qian et al., 2002; Zhang et al., 2003b; Wang et al., 2004) , and then influence the region climate.
In the last decade, numerous research works have focused on the Asian dust storm by monitoring and modeling. Zhang et al. (2003a) presented the daily aerosol observed results from six sites in China, and the burden of PM 10 at four Chinese cities during spring 2001 for improving the understanding of chemical and physical properties of dust aerosol. The size distribution of elemental components of particles in several dust events in Beijing were investigated by Zhang et al. (2005 Zhang et al. ( , 2009 ). Comparing with ground-based measurements, satellite remote sensing has advantage about capturing the variation of dust storm in space and time, and was used to characterize the distribution of dust plumes in several studies (Husar et al., 2001; Darmenova et al., 2005; Huang et al., 2006) . On the other hand, numerical modeling is an indispensable tool which was developed to predict the spatial and temporal of dust loading together with detailed physical and chemical properties (Gong et al., 2003; Liu et al., 2003; Shao et al., 2003) , and many efforts have been made to enhance the reasonability of simulation (Shao, 2001; Shao et al., 2002; Park and In, 2003) . For the direct radiative effect of dust, Wu et al. (2005) has used Regional Climate Model with a transport model and a radiative scheme of dust aerosol to simulate the direct radiative forcing of mineral dust over East Asia. The results show that the regional average values are quite variable and are obviously larger in spring than those in other seasons. Won et al. (2004) has investigated a dust event over Gosan, Korea and estimated its daily average direct radiative forcing. The analysis of that study shows the Asian dust has significant influence on radiation budget with quite large forcing values. At present, great achievements in Asian dust storm research are obtained with the progress of monitoring and modeling capability. However, the deficiencies in the understanding of the activities of dust and how it affects the regional environment and radiation balance still remain.
The strongest Asian dust storm in 2010 occurred from 19 to 21 March. As reported by National Meteorological Center of CMA (China Meteorological Administration), 16 provinces (cities) of China were hit by the dust storm, and the front of dust cloud could also reach the East China Sea and south sea areas of Japan on 21 March. The air pollution index (API) observed by Ministry of Environment Protection of China (MEP) exceeded 300 in several east cities in China, which means the dust caused heavy pollution in these cities. In this paper, we use air quality modeling system RAMS-CMAQ to simulate the distribution pattern and temporal evolution of this Asian dust event. The mass concentration, optical depth and direct radiative forcing of dust and other major aerosol species over East Asia are simulated and are validated with surface observations and satellite remote sensing data from MODIS in 18-21 March. The mechanism of dust particle emission generation and optical properties calculation module in the modeling system are improved for enhancing the accuracy of modeled results. Finally, we analyzed the modeled results for getting a throughout understanding about budget, optical properties, and the regional direct radiative effect of the dust storm. Since the dust storm generally happened in spring over East Asia while its direct radiative forcing reaches the highest, this typical case of the extreme dust event performance could give deeply recognize about how the dust particle influence the regional radiative balance.
MODEL DESCRIPTION
The modeling system has two major components: CMAQ and RAMS. CMAQ is a multi-scale and multi-pollutant air quality model, and could depict the detail processes about dust formation, transport, deposition, and other important characteristics (Byun and Ching, 1999) . The comprehensive suite aerosol composition (sulfate, nitrate, ammonium, black carbon, organic mass, dust and sea salt) is taken into account. The aerosol particle size distribution is divided into three modes: Aitken mode, accumulation mode, and coarse mode. Table 1 lists the aerosol components, geometric standard deviation, and geometric mean radius of each mode. All modes were assumed to follow the lognormal distribution. Whereas internal mixing of the aerosol species is assumed within each mode, the modes themselves were externally mixed. The chemical mechanism CB05 (Sarwar et al., 2008) and aerosol evaluation processes of CMAQ Version 4.7 is used in this study, and the meteorological fields from RAMS instead of CMAQ default meteorological driver. RAMS is a highly versatile numerical code for simulating and forecasting meteorological phenomena, and has good ability to describe the boundary layer, which is important for simulating the dust formation. In this study, it is used to provide the threedimension meteorological field for CMAQ, including boundary-layer turbulence, cloud, precipitation, and other meteorological elements. RAMS is exercised in a fourdimensional data assimilation mode using analysis nudging with reinitialization every 4 days, leaving the first 24 h as the initialization period. The background meteorological fields for RAMS were taken from the European Center for Medium-Range Weather Forecasts (ECMWF) analyzed datasets with 1° × 1° spatial resolution every six hours. Sea surface temperatures for RAMS were based on weekly mean values and observed monthly snow cover information. Some previous works have shown the reliability of the RAMS-CMAQ modeling system by comparing the simulation results with diverse measurement data Zhang et al., 2004a, b) .
Dust emission plays an important role in dominating dust loading and deposition. In this study, we use an empirical mechanism (Han et al., 2004) to estimate the dust emissions. The mass flux could be approached by:
where μ and μ * are the friction and threshold friction velocities; C is a correction coefficient (1.4 × 10 -15 ) which controls the emission amount; R and f are the reduction factor and fractional coverage of vegetation in a model grid. For R, we choose 0.6 for grass, 0.7 for shrub and 0.1 for barren or sparsely vegetated land (Park and In, 2003) . Fractional coverage, land use data, and other parameters used in formula (1) were well introduced in Han et al. (2004) . This mechanism has good performance in several research works about dust numerical study. Han et al. (2004) also proved it to be reasonable for description Asian dust in modeling system. The emission inventories of other aerosol pollution (including gaseous precursors) from anthropogenic and natural sources for modeling system were well introduced by Han et al. (2010) .
The aerosol optical depth (AOD) is simulated by a new parameterization which based on Mie theory, and could reasonably consider the refractive index, water uptake, and internal mixture factors while calculating aerosol optical properties. Comparison with satellite and ground-base in situ measurements showed that the modeled AOD is well consistent with observed results in previous work (Han et al., 2011) . The vertical structure of dust flux is an important factor determining its long-range transport and intensity. Due to the lack of observation data of vertical mass distribution, the distribution of AOD can partly reflect the column content of aerosol mass concentrations. The direct radiative forcing is also estimated by radiative transfer scheme CAMRT (William et al., 2006) coupled with RAMS-CMAQ. For detail information (aerosol refractive index, hygroscopicity, density, ext.) about this simulation module of aerosol optical and radiative properties can be found in Han et al. (2011) .
The model domain ( Fig. 1 ) is 6645 × 5440 km 2 with a 64-km grid cell on a rotated polar stereographic map projection centered at (35°N, 116°E). The modeling system has 15 vertical layers in the coordinates system unequally spaced from the ground to ~23 km, with approximately half of them concentrated in the lowest 2 km to improve the simulation of the atmospheric boundary layer.
MODEL VALIDATION

Comparison with Surface Observations
The meteorology field is important to aerosol mass burden and direct forcing simulation. The accuracy of wind field and relative humidity simulation could obviously impact the dust particle transport and optical properties calculation. Thus, the measurement surface wind speed, wind direction, and relative humidity from the 325 m meteorological tower observation system at Beijing (Al-Jiboori et al., 2005) are used for validation. Fig. 2 shows the comparison results of hourly data during the dust storm period. It can be seen that the variation trend of modeled and observed wind speed and relative humidity coincide well with each other, especially for the diurnal variation. The modeled and observed wind directions do not agree very well. Except the deviation of model simulation, the main reason may be that the error of measurement from the influence of urban underlying surface around the meteorological tower. Additionally, since the wind field is an important factor of the dust storm generation and transport simulation, the observed wind field data from surface stations of Chinese National Meteorological Centre (CNMC) (http://new-cdc.cma.gov.cn:8081/; Feng et al., 2004) are also collected in this paper for validation the modeled wind field. The observed data include the daily averaged wind speed and wind direction of daily maximum wind from 18 to 21 March at 19 stations which distributed throughout the regions influenced by dust event in China as shown in Fig. 1 . The comparison results are shown in Fig. 3 . It can be seen that the modeled wind speed could follow the values from observation relatively well. However, the observed wind speed become obviously higher at five mountain stations: Huangshan, Huashan, Nanyue, Taishan, and Wutaishan, but the modeled results could just capture the daily changing trend at these five stations and systematically lower than the observed results, which should be mainly caused by the disparity height between first layer of modeling system and measurement stations. The modeled daily maximum wind speed is generally lower than those of observations. The different time resolution of data obtaining between simulation (hourly) and measurement (ten minutes average) should be the main reasons of this underestimation. The main directions of modeled and observed wind directions are broadly same as shown in Figs. 3(c) and (d), which means the transport directions of aerosol particles will be generally correct during the dust storm period.
To evaluate the modeling system, we also collected the surface monitoring data of PM 2.5 and PM 10 at two Beijing measurement sites, the API reported daily by MEP of China, and the satellite measurements over model domain for comparing with the modeling results. The observed PM 2.5 was collected by an intensive observation of an eight-stage cascade impactor (PIXE International Corp.) conducted at the top of an 8-m height building above the ground. The site was located in the Institute of Atmospheric Physics of Chinese Academy of Sciences (39°58'N, 116°22'E). The observed data of PM 10 were provided by the measurements of an online particulate monitor of R & P TEOM 1400a which situated in the south suburban areas of Beijing (39°42′N,  116°21′E) . Fig. 4 shows the time series of observed and modeled 6-hour average mass concentration of PM 2.5 and PM 10 at
Beijing from 16 to 23 March, 2010. Generally, the model is broadly able to capture the observed data variation tendency, and both the simulated PM 2.5 and PM 10 catch the two prominent peaks on 20 and 22 March at Beijing. The time and intensity of modeled and observed peak values show good API represents the air pollution level in Chinese cities (available at http://datacenter.mep.gov.cn) and is linearly related to the daily mean PM 10 concentration of hourly observations. It can be described as following statement: when API (I) lies between the breakpoints I i and I j , the mass concentration of PM 10 could be calculated by:
where C is the PM 10 concentration, C i and C j are the PM 10 concentrations corresponding to I i and I j which are listed in Table 2 . It should be noted that the upper limitation of API is 500, which means the PM 10 daily averaged concentration larger than 600 μg/m 3 would not be reported. In this paper, the API data of twelve cities which locate near the dust source regions or on dust storm transport pathway in China is selected and converted into mass concentrations for validating the modeled surface PM 10 from 10 to 30 March. Fig. 5 shows the positions of selected cities in model domain and comparison results, respectively. The site locations and statistical parameters of comparisons are listed in Table 3 . The correlation coefficients (R) in Table  3 are all significant at the 0.05 level. In Fig. 3 it can be seen that the cities Huhhot and Datong are located near the dust source region. The observed PM 10 concentrations at these two cities shown in Fig. 5 both reached the maximum 600 μg/m 3 on 20 March when the dust storm occurred. The model results could reproduce this feature well and the highest value could reach more than 800 μg/m 3 . The R between simulations and observations given in Table 3 are 0.85 and 0.74 at these two cities, respectively, which means the modeling system performs well near the dust source region. At Beijing, Jinan, Lanzhou, and Xi'an, four cities in the north part of China, the modeling system could also broadly capture the high values of PM 10 concentrations appeared from 20 to 22 March. The R is higher than 0.50 at Beijing, Jinan, and Xi'an. However, the model underestimated PM 10 concentrations in 13-15 March at Lanzhou which might be caused by the complex terrain and underlying surface conditions, so that the R does not reach 0.50. The maximum of simulation PM 10 concentrations at three southern cities of China, Nanchang, Hangzhou, and Shanghai, appeared on 21 March. It is one day later than those of northern cities of China and corresponds well with the measurement results. Additionally, it can be found that the PM 10 concentrations became relatively lower during the dust storm period at the rest three cities, Changsha, Fuzhou, and Guangdong, which are located in the Southeast China, and the modeling system could also basically reflect this phenomenon. The R could exceed 0.5 at these six southern cities of China except Guangzhou. The lower correlation coefficient at Guangzhou might be caused by the overestimate of modeled PM 10 concentrations from 17 to 21 March. Fig. 6 shows the MODIS images during the dust events over China and the distribution plots of surface dust concentration simulated by modeling system. In the MODIS images, yellow regions represent the dust plume, and the deep yellow indicates heavier dust burden. The white regions represent the rejected observational data over bright land surface due to the high retrieval uncertainty for MODIS. Even though the quantity of dust mass burden is not detected, the concentrating regions and transport pathway of dust storm is shown clearly in the MODIS images. It can been seen that the observed and simulated dust distribution features generally agree with each other during the dust event, especially on 20 March when the heaviest dust storm appeared in the Mid-Eastern China. It demonstrates that the modeling system has good abilities to reproduce the spatial and temporal patterns of dust aerosol. Fig. 7 shows the daily averaged AOD distributions derived from modeling system simulation and MODIS instruments retrieval during the dust event. The modeled daily mean of AOD in Fig. 7 only used data from 10AM and 2PM (local time) encompassing MODIS satellite overpass times. The highest AOD values in the model domain ranged from 1.5 to 2.0, which are significantly larger than the global mean value 0.15 estimated by satellite measurements (Kinne et al., 2006) . It can be said that dust aerosol was one of the major contribution species in the high AOD regions because those regions are coincided with the high dust burdens shown in Fig. 7 (see more analysis in the next section). The comparison in Fig. 6 presents that the distribution patterns over Southeast China and sea areas of simulated AOD are generally similar to the satellite measurement results over Eastern China and sea areas during the dust events, which indicates the modeling system can reasonably well predict the optical depth of dust and other aerosol species over these regions. However, the simulated AOD values are probably lower than the MODIS AOD over Western China (The model results are hard to be validated over this region because of the rare measurement data). The reasons might be that the aerosol burden here is relatively underestimated by modeling system, and some deviation might be existent on the AOD products of MODIS instruments over inland area in East Asia as well (Xia et al., 2005) . Hsu et al. (2006) also pointed out that the dark-target approach of MODIS inverse method performs not well enough over the arid and semiarid areas with bare soil land, such as the physiognomy in Northwest China.
Comparison with Satellite Retrievals
From the evaluations discussed above, it can be concluded that the modeling system is able to reproduce the distribution and transport features of aerosol burden and optical depth reasonably well, which supports the model analyses of dust storm evolution could be reliable. 
MODEL RESULTS
Dust Formation, Transport, and Spatial Distribution
The spatio-temporal continuity of simulation data could help us improve the understanding of the detail information about physical and optical characteristics of dust storm in March 2010. From the simulation results, the dust storm could be described as follow: the surface dust burden on 18 March in Fig. 7(b) shows that the strong northwesterly winds (10-20 m/s) over Gobi desert caused by cold air flow associated with a Mongolian Cyclone generated up to 500 μg/m 3 dust aerosol over the south of Mongolia and Northwest China. On 19 March, the northwesterly winds over most parts of Gobi desert exceeded 20 m/s, while the surface dust concentration exceeded 1000 μg/m 3 ( Fig. 7(d) ). The extremely highest dust concentration which reached 5000 μg/m 3 in southern Mongolia and western Inner Mongolia province of China was far more than those of other aerosol species. Fig. 7 (f) shows the dust cloud followed the northwesterly wind prevail and transported from north part to central and east part of China on 20 March. We can see in most parts of North China, Central China, and East China the strong wind field with high wind speed ranging from 15 to 20 m/s appeared. The surface dust concentration was about 300-600 μg/m 3 in the stripes zone between Yellow River and Yangtze River, and in the lower-middle reaches of the Yangtze River the maximum went up to 600 μg/m 3 . The populated eastern seaboard of China was seriously affected by the dust storm weather on 20 March. Fig. 7(h) shows that the first dust cloud arrived in the Southeast China, East China Sea and Western Pacific to the south of Japan on 21 March. It can be found the dust concentration ranged from 100 μg/m 3 to 300 μg/m 3 over Southeast China, and exceeded 300 μg/m 3 over the East China Sea.
Dust Column Burden, Contribution to AOD, and Direct Radiative Forcing Fig. 8 presents the daily averaged column burden of dust in 18-21 March from model simulations. It can be said that the obviously heavy dust burden appeared over Central China on 18 March shown in Fig. 8(a) was the dust plume that convected to higher layer of atmosphere since it did not appear in Fig. 7(b) . The similar situation also happened over North China and Central China on 20 and 21 March, respectively. The highest dust column burden could exceed 3000 mg/m 2 over dust source region on 19 March and North China on 20 March. Fig. 9 presents the daily averaged AOD and dust contribution which is shown as percentage of total AOD. The dust contribution is obtained by subtracting AOD with and without dust. It can be found that the regions of contribution exceeded 20% mainly appeared over those AOD larger than 0.1 during these four days, which means dust aerosol was one of the major contribution species over model domain. The regions with more than 50% dust concentration were mainly near the dust source region in Northwest China and Mongolia, where AOD ranged from 0.1 to 0.8 on 18, 19, and 21 March. The high value regions of AOD ranging from 1.1 to 2.0 over western Inner Mongolia province of China had more than 80% contribution from dust on 19 March. The regions with 50% dust contribution extended to Central China and part of North China when the heaviest dust storm appeared over these regions and the highest AOD was around 2.0 on 20 March. It indicated that the dust particles could strongly influence the local radiative effects over these areas. Analyzing the mass concentrations of dust shown in Fig. 8 , it can be concluded that the AOD mainly contributed by dust could exceed 0.5 and 1.5 when the column burden of dust reaches 1000 mg/m 2 and 3000 mg/m 2 , respectively. The daily direct radiative forcing of dust at top-ofatmosphere (TOA) which is obtained by subtracting the radiative effects with all aerosol species and without dust in all-sky case during the dust storm period is shown in Fig. 10 . It can be found that the distribution patterns of dust radiative forcing were generally following its column burden patterns. The strong radiative forcing mainly concentrated over the regions where heavy dust burden and high contribution to AOD from dust located. The low values of dust radiative forcing were mainly ranged from -10 to -2 W/m 2 on 18 and 21 March over Central China and sea areas while the dust column burden ranging from 300 to 1000 mg/m 2 . When dust column burden exceeded 1000 mg/m 2 , it can be seen that the radiative forcing could reach -25 to -10 W/m 2 over North China and the stripes zone between Yellow River and Yangtze River of China on 19 and 20 March, respectively. This value range is similar with the strongest direct radiative forcing of all major aerosol species over East Asia given by some relative work (Qian et al., 2003; Won et al., 2004; Liu et al., 2007) . The strongest dust radiative forcing appeared on 19 March when its column burden exceeded 3000 mg/m 2 over western Inner Mongolia province of China. The lowest value could reach -30 W/m 2 and provided very strong negative radiative effect over this area. This phenomenon indicated that the Asia dust plume could obviously influence the radiative balance for the large forcing values of one dust event and the dust events occur frequently in the East Asia in spring Sun et al., 2001) 
DISCUSSION AND CONCLUSIONS
The dust storm occurred in 18-21 March was the strongest Asian dust event in 2010. We implemented RAMS-CMAQ to simulate the mass concentration, optical depth, and direct radiative forcing at TOA of dust and other major aerosol components, including sulfate, nitrate, ammonium, black carbon, organic carbon, and sea salt, during the dust event. The estimation of dust emission is based on a mechanism considering specific land-surface conditions and meteorological fields over model domain. The aerosol optical and radiative properties were calculated by a parameterization which could reflect multiple aerosol microphysical properties and a radiative transfer scheme CAMRT. The modeling system performance is fully evaluated by comparing with mass concentration and API from surface observations and satellite measurements from MODIS instrument. The comparison results show that the modeling system performs well on simulating dust mass concentration and AOD distributions. From simulation results, it is easy to find out the features of dust cloud transport routine and the wind field variation during the whole period of the dust event. It is shown clearly that the dust storm broke out on 19 March, and formed over the dust source regions: Taklamakan Deserts and Gobi Desert, and then swept central and eastern China. The dust storm also strongly influenced south part of China, such as Pearl River Delta region, and East China Sea area. The daily high values of surface dust concentrations could exceed 3000 μg/m 3 over the source regions and decreased to about 100 μg/m 3 over the downward regions. Although the values decreased sharp, the surface dust concentrations were still obviously higher than the normal level over the downstream zones. It can be seen that the surface dust concentration still exceeded 300 μg/m 3 over East China Sea area on 21 March. As the reports of Central Meteorological Observatory of China, the values over some places (e.g., Taiwan province) got a new record of the worst sandstorm conditions ever since during this dust event period.
From model simulation it can also be found that the high values of AOD mainly contributed by dust appeared over Gobi desert on 19 March, lower-middle reaches of the Yangtze River on 20 March and East China Sea on 21 March. The heavy dust storm generated very strong extinction effects, and would obviously alter the regional visibility and radiation balance over these regions. The direct radiative forcing of dust verified this phenomenon with the lowest value around -30 W/m 2 appeared over western Inner Mongolia province of China on 19 March. The high column burden of dust which exceeds 1000 mg/m 2 could cause more than -10 W/m 2 radiative forcing over the regions dust storm swept. This value is about equal to the strongest radiative forcing of total aerosol species in normal period without dust storm over East Asia.
In this paper, the modeling system RAMS-CMAQ has been fully evaluated on dust burden and optical depth simulations and gives clear understanding about the mass burden and radiative effect of dust storm. In future work, it can be applied to forecast and analyze the dust events over East Asia as one kind of effective tool.
